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Abstract 
Background: An assumption of studies using acoustic telemetry is that surgical implantation of acoustic transmit-
ters or tags does not alter behavior of tagged individuals. Evaluating the validity of this assumption can be difficult for 
large fish, such as adult sturgeons, not amenable to controlled laboratory experimentation. The purpose of this study 
was to determine if and when this assumption was valid for adult lake sturgeon Acipenser fulvescens tagged with large 
(34 g) acoustic transmitters and released into the St. Clair River during 2011–2014. The hypothesis that activity and 
reach-scale distributions of tagged and untagged lake sturgeon did not differ was tested by comparing movement 
frequencies, movement rates (speed-over-ground), and location-specific detection probabilities between newly-
tagged lake sturgeon and presumably fully-recovered conspecifics tagged and released in prior years.
Results: Activity of acoustic-tagged lake sturgeon did not differ between newly-tagged individuals and conspecifics 
tagged in prior years. Movement frequencies and movement rates in all comparisons were similar between lake stur-
geon observed during the first 15 days after surgery and simultaneously-observed conspecifics tagged in prior years. 
Likewise, lake sturgeon observed during the first 15 days after release were not more likely than conspecifics tagged 
in prior years to be distributed upstream or downstream of release sites. However, newly-tagged lake sturgeon were 
more likely than conspecifics tagged in prior years to be detected near release areas. Whether the cause for this 
ephemeral difference in detection probabilities was a behavioral response to surgery or a consequence of releasing 
newly-tagged individuals near receivers could not be determined.
Conclusions: Lack of evidence for changes in movement frequencies, movement rates, and distribution after surgi-
cal implantation of acoustic tags supported the assumption that movements of acoustic-tagged adult lake sturgeon 
were representative of untagged conspecifics. Thus, detection data gathered from recently tagged individuals is 
unlikely to bias data analyses in studies of lake sturgeon spatial ecology using telemetry. Our findings should apply to 
most tag sizes given that we used some of the largest acoustic tags currently available. The “staggered entry” design 
used in this study also may be useful for testing fundamental assumptions of biotelemetry studies for other large fish.
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Background
Acoustic telemetry is a popular tool for the study of fish 
spatial ecology. In acoustic telemetry, fish are captured, 
surgically implanted with an acoustic transmitter or ‘tag’, 
and then released back into the environment. Acoustic 
hydrophones or ‘receivers’ then are used to detect and 
record acoustic signals from tagged individuals. Due to 
the large detection range of transmitters and the ability of 
receivers to concurrently monitor movements of multiple 
individuals, acoustic telemetry can be used to describe 
individual- and population-level patterns in habitat use 
or migration. Spatiotemporal patterns in the detection 
data generate information that can improve management 
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decision making (e.g., design of dam passage structures; 
[1, 2]).
Understanding the effects of tag implantation on fish 
behavior is important for accurate interpretation of 
acoustic detection data. All mark-recapture and biote-
lemetry studies assume that the behavior of tagged indi-
viduals is representative of untagged conspecifics [3, 4]. 
Violations of this assumption can bias data analyses, and 
unaccounted for, can lead to incorrect inferences con-
cerning fish movement patterns and habitat use.
Many gaps remain in the general understanding of 
how tag attachment and tag presence affect conformity 
to the assumption that tagged fish are representative of 
untagged conspecifics [4]. For example, previous research 
has not investigated prevalence and duration of surgery 
effects on behavior after intracoelomic tag implantation 
in large fish species despite the growing use of acoustic 
telemetry as a tool for the conservation of sharks (e.g., 
Carcharodon carcharias; [5]), sturgeons (Acipenser spp.; 
[6, 7]), and tunas (Katsuwonus spp., Thunnus spp.; [8]). 
Changes in the behavior of large fish after tag implanta-
tion is likely related to surgery or complications related 
to surgery rather than actual tag presence because most 
contemporary acoustic tags are proportionally small 
relative to the size of the animal (≪1  % by mass), and 
stress from capture and handling generally dissipates in 
less than 1  day [9, 10]. In contrast, complete healing of 
surgical incisions requires weeks to months [9, 11, 12], 
during which time fish may become agitated, disori-
ented, or reluctant to move [13]. Controlled laboratory 
experiments designed to identify and isolate the effects 
of surgery, handling stress, and tag presence on indi-
vidual behavior are impractical or impossible for many 
large species due to logistical challenges of handling large 
fish in controlled environments. Yet, identification of 
the types and duration of surgery effects on behavior is 
important so that acoustic detection data can be properly 
interpreted and applied to management decisions.
In the absence of controlled laboratory observation, 
different strategies are needed to identify surgery effects 
on the behavior of large, wide-ranging fish species. One 
approach is to compare newly-released individuals to 
previously-tagged conspecifics after a substantial time 
interval has elapsed under the assumption that behavio-
ral effects of tagging subside over time. This “staggered 
entry” approach lacks the same degree of experimen-
tal rigor as controlled laboratory studies, but has the 
advantage that fish are observed under ecologically real-
istic conditions. Differences in the detection patterns of 
acoustic-tagged individuals tagged and/or released at dif-
ferent times can help researchers determine if, and when, 
the movement patterns of tagged and untagged individu-
als converge.
This study employed the staggered entry approach 
to explore the effects of intercoelomic tag implantation 
on the behavior of adult lake sturgeon Acipenser fulves-
cens. Lake sturgeon are the largest native fish species in 
the Laurentian Great Lakes (adults routinely exceed one 
meter in length and weigh up to 60 kg), and are listed as 
rare, threatened, or endangered over much of their native 
range [14]. The potential effects of acoustic tag implan-
tation on lake sturgeon behavior have not been evalu-
ated despite the increasing use of acoustic telemetry to 
address information needs for lake sturgeon management. 
Objectives of the current study were (1) to determine if 
activity and reach-scale distributions differed between 
newly-tagged lake sturgeon and co-located conspecifics 
tagged in prior years and (2) to determine if and when the 
behaviors of these groups converged if behavioral differ-
ences were observed. Some species become less active 
after surgical implantation of electronic tags, and in a 
riverine environment, may move or drift downstream 
after release [13]. However, given the possibility that agi-
tation after surgery could lead to increased activity and 
upstream dispersal, we tested the two-sided null hypoth-
eses that activity and distributions of acoustic-tagged lake 
sturgeon would not differ between newly-tagged individ-
uals and conspecifics tagged in prior years (and that pre-
sumably have healed and fully recovered from surgery).
Methods
Study site
Behavior of acoustic-tagged lake sturgeon was assessed 
in the lower St. Clair River, which is part of the water-
way that connects Lake Huron to Lake Erie (Fig. 1). The 
lower St. Clair River is core habitat for a large remnant 
lake sturgeon population [15]. Many of these fish remain 
in the North and Middle Channels year-round or move 
between the lower river and Lake St. Clair [16], which 
increased the likelihood that individuals tagged in a given 
year would be detected nearby in subsequent years. Lake 
sturgeon in this study were captured and tagged as part 
of a project designed to elucidate lake sturgeon popula-
tion structure in the Lake Huron-to-Lake Erie corridor.
Lake sturgeon capture and tagging
Lake sturgeon used in this study were captured during 
May–June as part of an annual population survey con-
ducted by the Michigan Department of Natural Resources 
(MDNR). Lake sturgeon were captured using baited set 
lines deployed from a research vessel in the afternoon 
and retrieved the following morning [17]. Between 2011 
and 2014, a total of 86 adult lake sturgeon (total length 
120–180  cm) were surgically implanted with Vemco 
69  kHz  V16-6L acoustic tags (Table  1). The V16-6L 
tags had a 10-year battery life, were 16 mm in diameter, 
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95 mm long, and weighed 34 g in air. Transmission delay 
averaged 120 s but was varied randomly between 60 s and 
180 s. Tag mass represented 0.05–0.35 % (mean 0.18 %) 
of lake sturgeon body mass. Total length (nearest cm) and 
wet weight were recorded for each individual (Table  1). 
Sex was not included as an explanatory variable in any 
analyses because sex could not be determined for 75  % 
of acoustic-tagged individuals (North American sturgeon 
are difficult to sex unless captured in spawning-ready 
condition [18]). All acoustic-tagged lake sturgeon were 
captured and released upstream of the Chenal a bot Rond 
confluence and downstream of Pt. aux Chenes (Fig.  2). 
Percent of individuals tagged in a given year that were 
detected in subsequent years in the North and Middle 
Fig. 1 Map of the Lake Huron-to-Lake Erie corridor showing the Detroit-St. Clair River system (panel a) and the locations of acoustic receivers in the 
lower St. Clair River (panel b). Filled symbols indicate receivers deployed in 2012. Unfilled symbols represent receivers added to the network in 2013 
and 2014. Site SCL-008 was discontinued after May 2012. Detection efficiency was estimated for the three receivers denoted by square symbols. Data 
from receivers in the shipping channel (green symbols) were not included in the current study
Table 1 Sample sizes and biological characteristics of acoustic-tagged lake sturgeon
Sample size (n), mean total length (TL, in cm), and mean weight (kg) of lake sturgeon marked with intracoelomic acoustic tags in the lower St. Clair River during 
2011–2014
M male, F female, U sex unknown
Year n TL (min–max) Weight (min–max) Sex ratio (M:F:U) Release dates
2011 8 145 (126–166) 20.5 (10.4–33.9) 0:1:7 28 Jun
2012 28 149 (126–178) 22.0 (12.0–37.0) 3:4:21 30 May–8 Jun
2013 24 145 (121–180) 21.1 (10.0–45.6) 6:5:13 30 May–5 Jun
2014 26 146 (122–175) 20.9 (9.8–36.0) 4:2:20 29 May–5 Jun
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Channels ranged between 42 and 71 %, confirming that 
many lake sturgeon released in a given year returned to 
the same habitats the following year(s). 
Lake sturgeon were not anesthetized prior to surgery 
because a proven and widely-accepted method for anes-
thetizing adult sturgeon was not available at the time of 
this study (but see [6] for a new electronarcosis method). 
Instead, individuals implanted with acoustic tags were 
immobilized ventral-side up in a mesh sling with head and 
gills immersed in a 379 liter (100 US gallons) tank contin-
uously supplied with river water. A 3–4 cm incision was 
made in the abdomen approximately half way between 
the pectoral and pelvic girdles and 2 cm off the linea alba. 
The acoustic transmitter then was inserted into the peri-
toneal cavity, and the incision was closed with 3–4 simple, 
interrupted sutures (Ethicon PDS-II size 0 with OS-6 half-
circle reverse cutting needle or MONO-DOX size 0 with 
NCP-1 half-circle reverse cutting needle). Surgical tools 
and tags were sterilized with a 0.02 % chlorhexidine or 5 % 
povidone-iodine solution before each surgery. Post-opera-
tive fish were held for 5–10 min in a second tank supplied 
with river water and then released within 0.2  km of the 
capture site. Total time from capture to release for acous-
tic-tagged lake sturgeon ranged from 10 to 25 min.
Acoustic monitoring network and acoustic data filtering
Movements of acoustic-tagged lake sturgeon were moni-
tored on a network of 10 Vemco 69 kHz VR2W receiv-
ers deployed in the North and Middle Channels in April 
2012 (Fig.  1). The network was expanded to 15 receiv-
ers in 2013 and 16 receivers in 2014. Receivers were 
deployed on the river bottom at depths ranging from 6 
to 13 m. Each receiver was mounted in a 7.6 cm diameter 
(3 in.) PVC pipe embedded into a 68 kg (150 lb.) concrete 
footing. Receivers were recovered by grappling for a 23 m 
(75 ft.) grab line attached to each footing. Receivers were 
recovered, downloaded, and replaced twice per year 
(spring and fall).
Acoustic detection data were downloaded from 
each recovered receiver using Vemco VUE software. 
As recommended by Pincock [19], suspected false 
positives were identified and removed by eliminating 
detections for which the minimum time between the 
last or next detection for the same transmitter on the 
same receiver was greater than 30×  the average tag 
delay (=3600 s in our study). Application of this filter 
eliminated 11,255 (0.78 %) of ca. 1.45 × 106 detections 
available for analysis, suggesting that code collisions 
were not common.
Data analyses assumed that sturgeon did not pass 
adjacent receivers undetected. To evaluate this assump-
tion, we estimated detection efficiency for each of three 
receivers in the North Channel located about half way 
between the channel head and mouth (Fig.  1) from 
detection histories of tagged lake sturgeon that trans-
ited the entire length of the channel. Detection effi-
ciency was estimated as the proportion of transits in 
which a fish was correctly observed (detected) at each 
site during all years that a receiver was present at that 
site. These three sites were assumed representative of 
the main channel habitats in which remaining receivers 
were deployed and thus provided an indication of array 
performance.
Data analyses: overview
To test for effects of intracoelomic tag implantation on 
lake sturgeon behavior (objective 1), acoustic detection 









Fig. 2 Release locations of acoustic-tagged lake sturgeon in the lower St. Clair River
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reach-scale distributions, which then were compared 
between individuals tagged and released in a given year 
(“newly-tagged”) with co-located individuals tagged and 
released in prior years (the “staggered entry” approach). 
Individuals tagged in 2011 contributed only to the ref-
erence population (i.e., fish tagged in prior years) as the 
acoustic monitoring system was not completed until 
2012. Detection data from receivers in the shipping chan-
nel were excluded from all analyses to insure that local 
variability in physical habitat and environmental condi-
tions did not confound comparisons of the behavior of 
acoustic-tagged lake sturgeon. Reach-scale distributions 
were estimated using only data from receivers in the 
North Channel given that receiver coverage was more 
extensive than in the Middle Channel. To determine 
the duration of surgery effects on lake sturgeon behav-
ior (objective 2), lake sturgeon activity and distributions 
were summarized and compared over 15-day intervals 
beginning the day of release for newly-tagged individuals 
and beginning on the 1-, 2-, or 3-year post-release date 
for individuals released in prior years. If a significant dif-
ference in behavior was observed during the first 15-day 
period, analyses were continued with data from subse-
quent periods until the behavior of newly- and previ-
ously-tagged individuals was not significantly different. 
Complete convergence in the activity and distributions of 
newly- and previously-tagged lake sturgeon was expected 
within 60 days as surgical incisions in other fish species 
typically heal in less than 60 days [11, 12].
Generalized linear models (GLM) were used to com-
pare activity and distributions of acoustic-tagged lake 
sturgeon. In each analysis, several candidate models were 
constructed, and the best-fit model was used for statisti-
cal inference. The independent variable of interest in all 
analyses was release group, which identified an individual 
as (a) newly-tagged (i.e., having been tagged and released 
in the current year of observation) or (b) tagged in a pre-
vious year.
Sets of candidate models were developed, compared, 
and ranked using a phased, forward selection process 
that balanced parsimony and model fit (described in 
detail in [5]). In phase I, we fit models that included only 
a single main term. In subsequent phases, we evaluated 
sets of models in which an additional main term was 
added to the best-fit model from the previous phase. 
Thus, all phase II models included two independent 
variables: the single main term from the best-fit phase 
I model plus an additional main term. If deemed neces-
sary, models containing interaction terms were defined a 
priori and evaluated in a final phase. All phase I models 
were additionally compared with the null (intercept only) 
model. If the null model was selected as the best model at 
the conclusion of phase I, we concluded that none of the 
independent variables were significant predictors of lake 
sturgeon behavior and model construction was discon-
tinued. Within a given phase, the model with the lowest 
Akaikes’s Information Criterion (corrected for small sam-
ple sizes; AICc,) was identified as the best model. Pairs of 
models with AICc’s that differed by  <2 units were con-
sidered equivalent with regard to strength of inference 
[20]. The overall best model then was identified as the 
model with the largest Akaike weight, which measured 
the probability that the ith model was the best model in 
the set of candidate models. The Akaike weight of the ith 
model (wi) was calculated as:
where Δi  =  AICci  −  AICcmin, AICcmin was the low-
est observed AICc, and k was the number of models in 
the set [21]. Inspection of residual diagnostic plots (not 
shown) and analyses of scaled deviance (D*) were per-
formed to verify model assumptions and to examine 
model fit. Scaled deviance follows a Chi square distribu-
tion with degrees of freedom (df) equal to model df. The 
null hypothesis that model i was a reasonable fit to the 
data was rejected at high values of D*. To evaluate the 
effects of release group and other predictor variables on 
lake sturgeon behavior, likelihood ratio tests (LRT) were 
used to test the null hypothesis that the parameter coef-
ficients (β) in the best-fit model were equal to zero. The 
LRT test statistic follows a Chi square distribution with 
df equal to the number of factor levels minus one. All sta-
tistical analyses were performed using PROC GENMOD 
in SAS 9.4 with α = 0.05.
Data analyses: activity
Movement frequency (number of moves observed in a 
given time interval) and movement rate (speed-over-
ground) were used as measures of lake sturgeon activity. 
Two analyses of movement frequency were performed to 
account for variation in lake sturgeon migratory behav-
ior in the lower St. Clair River, which ranges from year-
round river residency to adfluvial potamodromy [16]. In 
the first analysis, the response variable was the frequency 
of “short-distance” movements made by individual 
acoustic-tagged lake sturgeon within a given observa-
tion period. Short-distance movements were identified 
as detection events in which the time lag between suc-
cessive detections of the same tag on the same receiver 
was 45–60 min (60 min threshold set by false detection 
filter), indicating that an individual briefly moved out-
side the detection radius of a given receiver or moved a 
short distance to a location within the detection radius 
at which some physical feature obscured line-of-sight 
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during such events could not be precisely determined, we 
assumed that no other factors (other than those used in 
our models) would have differentially affected the num-
ber of short-term movements of one release group over 
the other because the behaviors of the two groups of lake 
sturgeon were compared contemporaneously and in the 
same general area. In the second analysis, the response 
variable was the frequency of “long-distance” movements 
made by individual acoustic-tagged lake sturgeon. Long-
distance movements were defined as changes in loca-
tion with a linear displacement greater than 2  km and 
were identified as detection events in which successive 
detections of the same tag code occurred on two differ-
ent receivers separated by at least 2 km. A GLM with a 
negative binomial error structure and a log-link func-
tion was used to analyze the frequency of short- and 
long-distance movements made by acoustic-tagged lake 
sturgeon. Predictor variables in both analyses included 
release group, observation year (2012, 2013, 2014), and 
residence time—a covariate representing the number 
of days spent by an individual in the North and Middle 
channels during a given observation period. Observation 
year was included to adjust model predictions for annual 
variability in environmental conditions, the number and 
distribution of acoustic receivers, and other uncontrolla-
ble variables. Residence time was included to compensate 
for individual variability in the amount of time spent in 
the study area.
Movement rates of acoustic-tagged lake sturgeon were 
compared between newly-tagged individuals and those 
tagged in prior years using a GLM with a gamma error 
structure and a log-link function. The response vari-
able was speed-over-ground, which was calculated as 
the distance moved between pairs of receivers divided 
by travel time. Travel time was estimated as the differ-
ence in time between the first detection at the arrival site 
and the last detection at the departure site. Speed over 
ground was expressed in body lengths per second (BL/s) 
to account for possible size-based variation in swimming 
speeds, and was estimated only for movements between 
pairs of receivers separated by 2  km or greater. Move-
ment rates likely differed from actual swimming speeds 
due to uncertainties in the actual path swum by indi-
vidual lake sturgeon and variability in receiver detection 
ranges. Movement rates for each individual in a given 
observation period were averaged. Explanatory vari-
ables included release group, observation year, direction 
of movement (upstream, downstream), and the release 
group  ×  movement direction interaction. Movement 
direction was included as predictor variable because 
lake sturgeon travelling upstream were expected to move 
more slowly than individuals travelling downstream, 
especially in the St. Clair River where current velocities 
can reach 1.0  m/s [22]. The release group ×  movement 
direction interaction was included to address the pos-
sibility that surgery may limit speed-over-ground only 
when vigorous swimming is required, such as when mov-
ing upstream in heavy current.
Data analyses: distribution
To determine if acoustic-tagged lake sturgeon were differ-
entially distributed in the North Channel of the St. Clair 
River, we used a GLM with a binary error structure and 
logit link to model detection probability at receiver loca-
tions near the release site (i.e., within 2 km), greater than 
2 km downstream of release sites, and greater than 2 km 
upstream of release sites. The dependent variable was 
the proportion of acoustic-tagged lake sturgeon detected 
at one or more of these locations during a given 15-day 
observation period. Individuals were considered present 
at a given location so long as the sum of individual detec-
tions from the receivers representing that location was 25 
or larger. Explanatory variables included release group, 
location relative to the release site (near, downstream, 
upstream), and observation year as well as the loca-
tion × release group, location × year, and year × release 
group interactions. A significant location × release group 
interaction indicated that newly-tagged lake sturgeon 
and conspecifics tagged in prior years were differentially 
distributed relative to their release locations (e.g., one 
group was significantly more likely than the other to be 
detected downstream of release sites).
Results
Acoustic array performance
The probability that sturgeon passed adjacent receivers 
undetected was low. A total of 38 North Channel transits 
were made by 27 individuals during 2012–2014. Detec-
tion efficiencies of the three receivers that must have 
been passed during these movements were 91, 93, and 
93 %, respectively.
Activity
Activity of acoustic-tagged lake sturgeon did not differ 
between individuals observed during the first 15  days 
after release and co-located conspecifics released in 
prior years. Numbers of short-distance movements made 
by acoustic-tagged lake sturgeon did not depend on 
release group (Table 2; Fig. 3), but increased significantly 
with residence time (LRT, βresidence time  =  0.14, df  =  1, 
χ2 = 61.63, P < 0.01; Fig. 4) and were higher in 2013 than 
in other years (LRT, df = 2, χ2 = 7.37, P = 0.03). The sig-
nificant effect of year on the number of short distance 
movements was attributable to one individual that made 
31 such movements in 2013. Movement frequencies 
adjusted for residence time and year effects did not differ 
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between newly-tagged lake sturgeon and conspecifics 
tagged in prior years (model 7; Table 2). Variation in the 
number of long-distance movements made by acous-
tic-tagged lake sturgeon was best explained by the null 
model (intercept only), which suggested that long-dis-
tance movement frequencies did not depend on release 
group, residence time, or year of observation (Table  3; 
Fig. 5).    
Movement rates (speed-over-ground) of acoustic-
tagged lake sturgeon did not differ between individuals 
observed during the first 15 days after release and simul-
taneously-observed conspecifics released in prior years 
(Fig. 6). The best model included only effects for move-
ment direction (faster downstream than upstream; LRT, 
βdirection =  0.92, df =  1, χ2 =  30.28, P  <  0.01) and year 
(slower in 2012–13 than 2014; LRT, βyear = −0.58, df = 1, 
χ2 = 11.85, P < 0.01; Table 4). A release group effect on 
lake sturgeon speed-over-ground was not evident after 
adjusting for direction and year effects nor the potential 
interaction between release group and movement direc-
tion (cf. models 6, 7, and 8; Table 4). 
Distribution
Lake sturgeon observed during the first 15  days after 
release were not more likely than conspecifics tagged in 
prior years to be distributed upstream or downstream of 
release sites (Fig. 7). However, acoustic-tagged lake stur-
geon observed during the first 15 days after release were 
more likely than conspecifics tagged in prior years to be 
found near release areas as indicated by the significant 
release group  ×  location effect in the highest-ranking 
model (LRT, χ2 = 9.44, df = 2, P = 0.01; Table 5; Fig. 7). 
This difference may have been attributable to the large 
number of lake sturgeon that were released near the 
three receivers at the upstream end of Dickinson Island 
(cf. Figs. 1, 2). This contention is supported by the signif-
icant release group effect on detection probability (LRT, 
βrelease group = 1.70, χ2 = 13.00, df = 1, P < 0.01), which 
indicated that newly-tagged lake sturgeon were detected 
at higher rates than conspecifics tagged in prior years. 
Detection probabilities of acoustic-tagged lake sturgeon 
after 30 days varied only with location and did not dif-
fer between release groups (Table 6), which suggests that 
newly-tagged lake sturgeon dispersed away from release 
areas during the third and fourth weeks after surgery 
(14–29 days post-surgery).  
Discussion
This study found little evidence that surgical implanta-
tion of acoustic tags affected lake sturgeon behavior dur-
ing the first 30 days after surgery. We failed to reject the 
null hypothesis that movement frequencies, movement 
rates, and reach-scale distributions were similar between 
Table 2 Output of GLMs used to analyze short-distance movement frequencies of acoustic-tagged lake sturgeon
IVs independent variables, df degrees of freedom, AICc Akaike’s Information Criterion, w Akaike weights, and goodness of fit statistics (scaled deviance, D*, and P value 
of associated Chi square test) for generalized linear models used to analyze the frequency of short-distance movements made by acoustic-tagged lake sturgeon in the 
lower St. Clair River during 2012, 2013, and 2014. Residence time = total days spent in the North and Middle Channels. Release group identifies individuals observed 
0–14 days post-surgery and simultaneously-observed conspecifics tagged in prior years. The highest-ranking (best) model is italicized
Phase Model IV(s) df AICc w D* (P)
I 1 Null (intercept only) 122 691.4 0.00 141.3 (0.11)
2 Residence time 121 637.5 0.13 139.5 (0.12)
3 Release group 121 693.3 0.00 141.3 (0.10)
4 Year 120 693.9 0.00 141.4 (0.09)
II 5 Residence time, release group 120 639.5 0.05 139.4 (0.11)
6 Residence time, year 119 634.4 0.58 139.2 (0.10)
III 7 Residence time, year, release group 118 636.2 0.24 138.9 (0.09)
Fig. 3 Short-distance movement frequencies for acoustic-tagged 
lake sturgeon. Frequency of short-distance movements (median and 
quartiles) made by newly-tagged lake sturgeon observed during the 
first 15 days following surgery and release (n = 77) and simultane-
ously-observed conspecifics tagged in prior years (n = 46). Error bars 
represent the 10th and 90th percentiles
Page 8 of 13Hondorp et al. Anim Biotelemetry  (2015) 3:44 
newly-tagged lake sturgeon and conspecifics tagged in 
prior years, which supports the contention that move-
ments of tagged lake sturgeon are representative of the 
untagged population. Although sample sizes were rela-
tively small for some of our analyses, confidence inter-
vals (e.g., Figs. 6, 7) showed that our analyses would have 
detected biologically relevant differences in behavior 
between newly-tagged and previously-tagged individu-
als. Thus, non-significant results were not due to insuffi-
cient statistical power. Our findings were consistent with 
results of [6], who used a similar experimental approach 
to show that behavior of adult Atlantic sturgeon (Aci-
penser medirostris), as measured by the timing of river 
outmigration, did not significantly differ between new 
releases and conspecifics tagged and released in prior 
years. Probability of detection near release sites was 
determined to be greater for recently-tagged lake stur-
geon than for conspecifics tagged in prior years, which 
suggested that surgery may delay dispersal as has been 
observed for juvenile lingcod Ophiodon elongatus [23]. 
Fig. 4 Effect of residence time on the observed (symbols) and predicted (line) number of short-distance movements made by newly-tagged lake 
sturgeon (circles) and conspecifics marked with acoustic tags in prior years (X’s) during the initial 15-day observation period. Shaded area is the 95 % 
confidence interval for the predicted relationship
Table 3 Output of GLMs used to analyze long-distance movement frequencies of acoustic-tagged lake sturgeon
IVs independent variables, df degrees of freedom, AICc Akaike’s Information Criterion, w Akaike weights, and goodness of fit statistics (scaled deviance, D*, and P value 
of associated Chi square test) for generalized linear models used to analyze the frequency of long-distance movements made by acoustic-tagged lake sturgeon in the 
lower St. Clair River during 2012, 2013, and 2014. Residence time = total days spent in the North and Middle Channels. Release group identifies individuals observed 
0–14 days post-surgery and simultaneously-observed conspecifics tagged in prior years. The highest-ranking (best) model is italicized
Phase Model IV(s) df AICc w D* (P)
I 1 Null (intercept only) 122 438.5 0.45 131.8 (0.26)
2 Residence time 121 439.4 0.29 131.8 (0.24)
3 Release group 121 440.1 0.20 131.7 (0.24)
4 Year 120 442.7 0.05 131.8 (0.22)
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However, we suspect this difference is more likely related 
to the release of large numbers of newly-tagged indi-
viduals within a cluster of closely-spaced receivers. Dis-
criminating between these two explanations will require 
additional experimentation.
For lake sturgeon, study results indicated a relatively 
low risk of biasing study conclusions by including all 
available detection data in data analyses. Some published 
telemetry studies have excluded as much as the entire 
first year of detection data due to concerns that behavior 
of newly-tagged individuals would not be representative 
of untagged conspecifics. Lack of evidence for changes in 
lake sturgeon behavior after intracoelomic tag implanta-
tion suggests that such measures are overly conservative 
for studies in which the goal is to describe migration or 
habitat use of long-lived species like sturgeon at seasonal 
or annual time scales. Effects of acoustic tag implanta-
tion on activity at hourly to daily time scales have been 
observed in some fish [23, 24], but would not have been 
detected in our study. Therefore, cautious interpreta-
tion of acoustic telemetry data remains warranted when 
the study objective is to use newly-tagged individuals to 
identify the timing of key biological events (e.g., spawn-
ing) or to pinpoint the locations of critical habitats (e.g., 
spawning sites) within 15 days of surgery and release.
Our results contribute to a growing body of literature 
suggesting that sturgeon are extremely resilient to han-
dling and surgical implantation of electronic tags. We 
do not have direct estimates of mortality resulting from 
surgery, but expect that mortality from surgery was 
rare given that only one of the 86 lake sturgeon tagged 
in this study was never detected during the two-month 
study period. Lake sturgeon also seem to heal well from 
surgery, as we observed complete healing with excel-
lent wound alignment in a lake sturgeon (transmitter 
ID = 27253) that was implanted with acoustic transmit-
ter in 2013 (4 June 2013) and recaptured 360  days later 
(29 May 2014). These observations were consistent with 
laboratory studies on juveniles of other sturgeon species 
showing that surgical implantation of electronic tags did 
Fig. 5 Frequency of long-distance movements (median and quar-
tiles) made by newly-tagged lake sturgeon observed during the first 
15 days following surgery and release (n = 77) and simultaneously-
observed conspecifics tagged in prior years (n = 46). Error bars 
represent the 10th and 90th percentiles
a b
Fig. 6 Movement rates (speed-over-ground) of acoustic-tagged lake sturgeon by movement direction (upstream vs. downstream) during 
2012–2013 (panel a) and 2014 (panel b). Error bars represent the 95 % confidence interval. Plot and data analyses were based on a total of 127 
movements made by 59 newly-tagged individuals and 20 individuals tagged in prior years
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not increase mortality or limit wound healing, swimming 
performance, and/or growth [25–27]. Our findings also 
should apply to other makes and models of intracoelomic 
acoustic tags as the Vemco V16-6L acoustic tag used in 
this study is one of the largest available electronic trans-
mitters designed for surgical implantation.
Difficulty with the determination of sex in the field lim-
ited our ability to detect whether being male or female 
affected behavior after tag implantation, and thus, may 
have introduced some bias into our analyses. The seri-
ousness of this potential bias is difficult to assess given 
that sex-based differences in lake sturgeon activity, move-
ments, and migration timing have been observed in some 
systems [28, 29] but not in others [30, 31]. Reproduc-
tive status also should be considered as an explanatory 
variable in future tagging effects studies on lake sturgeon 
given that activity may be greatest during the post-spawn 
phase [29, 30, 32]. Few (≤25 %) lake sturgeon in our study 
were spawning-ready, so results may be more repre-
sentative of individuals in between spawning cycles than 
actively spawning fish.
Staggered-entry field movement studies provide a use-
ful means to study the impacts of surgery on the behavior 
of acoustic-tagged fish, particularly in cases where labo-
ratory experimentation is difficult or would influence fish 
behavior. Though lacking the same experimental rigor of 
controlled laboratory studies, field movement studies like 
the ones used here and in [6] are superior to longitudi-
nal analyses of individual behavior from a single release 
event where variability in behavior due to surgery or tag-
ging cannot be distinguished from responses to changes 
in the physical environment. Our approach took advan-
tage of the ecological realism of an ongoing field study 
with multiple annual tagging events that is rarely avail-
able in laboratory assessments in which observed behav-
iors may not be representative of behavior observed in 
the field (e.g., [33]). Major assumptions of the staggered-
entry approach are (1) that tag presence does not perma-
nently alter the behavioral trajectory of an individual (a 
consequence of the absence of a sham treatment), and (2) 
that the behavior of tagged and untagged individuals con-
verges at some point during the study (a consequence of 
the absence of a true control). The former has been taken 
as a given in most studies using large fish where tag bur-
den is well below the common rule-of-thumb threshold 
of 2 % body mass [34]. Relative to the second assumption, 
we considered 1 year a reasonable timeframe given that 
surgical incisions closed with the same suture material as 
used in our study were completely healed without signs 
of inflammation after 140 days in 27 of 30 juvenile green 
sturgeon [27].
Table 4 Output of GLMs used to analyze movement rates (speed-over-ground) of acoustic-tagged lake sturgeon
IVs independent variables, df degrees of freedom, AICc Akaike’s Information Criterion, w Akaike weights, and goodness of fit statistics (scaled deviance, D*, and P value 
of associated Chi square test) for generalized linear models used to analyze movement rates (speed over ground) of acoustic-tagged lake sturgeon in the lower St. 
Clair River during 2012, 2013, and 2014. Release group identifies individuals observed 0–14 days post-surgery and simultaneously-observed conspecifics tagged in 
prior years. “Direction” (direction of movement) = upstream or downstream. The highest-ranking (best) model is italicized
Phase Model IV(s) df AICc w D* (P)
I 1 Null (intercept only) 121 −157.0 0.00 141.8 (0.09)
2 Direction 120 −179.3 0.00 139.3 (0.11)
3 Release group 120 −154.8 0.00 141.8 (0.08)
4 Year 120 −163.6 0.00 140.9 (0.09)
II 5 Direction, release group 119 −178.0 0.00 139.2 (0.10)
6 Direction, year 119 −188.7 0.56 138.2 (0.11)
III 7 Direction, year, release group 118 −186.6 0.19 138.2 (0.10)
IV 8 Direction, year, release group × direction 118 −187.0 0.24 138.1 (0.10)
Fig. 7 Detection probabilities of acoustic-tagged lake sturgeon 
at locations <2 km from release sites (“near”) and locations ≥2 km 
downstream or upstream of release sites for newly-tagged individuals 
during the first 15 days after release (n = 75) and simultaneously-
observed conspecifics tagged in prior years (n = 28). Error bars 
represent the 95 % confidence interval
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Conclusions
In summary, our study did not find evidence for sur-
gery effects on activity or reach-scale distributions 
of acoustic-tagged lake sturgeon, which supports the 
validity of the assumption that tagged and untagged 
lake sturgeon behave similarly. Lack of evidence 
for changes in lake sturgeon behavior after surgical 
implantation of acoustic tags suggested that for many 
questions about lake sturgeon spatial ecology, analy-
ses of all available lake sturgeon detection data will not 
bias study results. Our findings contribute to a grow-
ing scientific consensus that surgical implantation of 
acoustic tags has little, if any, effect on the behavior(s) 
of most sturgeon species. We argue that staggering 
the release of acoustic-tagged individuals across years 
as done in this study and in [6] or varying the delay 
between surgery and release as done in [23] provides a 
useful method to explore the effects of surgery on fish 
behavior in the field. Future studies may benefit from 
the staggered-entry design because it allows empiri-
cal evaluation of one of the most pervasive, untested 
assumptions in telemetry studies without tagging addi-
tional fish, conducting ancillary lab studies, or arbi-
trarily omitting data.
Table 5 Output of  GLMs used to  compare location-specific detection probabilities of  acoustic-tagged lake sturgeon 
0–14 days post-release and simultaneously-observed conspecifics tagged in prior years
IVs independent variables, df degrees of freedom, AICc Akaike’s Information Criterion, w Akaike weights, and goodness of fit statistics (scaled deviance, D*, and P 
value of associated Chi square test) for generalized linear models used to analyze probability of detection of acoustic-tagged lake sturgeon (0–14 days post-surgery 
vs. 1+ years post-surgery) at locations in the North Channel of the lower St. Clair River (≤2 km from release sites, >2 km upstream or downstream from release sites) 
during 2012, 2013, and 2014. Release group identifies individuals observed 0–14 days post-surgery and simultaneously-observed conspecifics tagged in prior years. 
The highest-ranking (best) model is italicized
Phase Model IV(s) df AICc w D* (P)
I 1 Null (intercept only) 17 126.0 0.00 67.9 (<0.01)
2 Release group 16 124.9 0.00 64.3 (<0.01)
3 Year 15 131.2 0.00 67.7 (<0.01)
4 Location 15 88.9 0.19 25.4 (0.04)
II 5 Location, release group 14 88.2 0.28 21.3 (0.09)
6 Location, year 13 96.0 0.01 25.2 (0.02)
III 7 Location, release group, year 12 96.4 0.00 20.9 (0.05)
IV 8 Location, release group, location × release group 12 86.9 0.53 11.4 (0.49)
9 Location, release group, year, location × release group 10 98.9 0.00 11.1 (0.35)
10 Location, release group, year, location × year 8 119.8 0.00 12.6 (0.13)
11 Location, release group, year, release group × year 10 108.6 0.00 20.8 (0.02)
Table 6 Output of  GLMs used to  compare location-specific detection probabilities of  acoustic-tagged lake sturgeon 
15–29 days post-release and simultaneously-observed conspecifics tagged in prior years
IVs independent variables, df degrees of freedom, AICc Akaike’s information criterion, w Akaike weights, and goodness of fit statistics (scaled deviance, D*, and P 
value of associated Chi square test) for generalized linear models used to analyze probability of detection of acoustic-tagged lake sturgeon at locations in the North 
Channel of the lower St. Clair River (≤2 km from release sites, >2 km upstream or downstream from release sites) during 2012, 2013, and 2014. Release group identifies 
individuals observed 15–29 days post-surgery and simultaneously-observed conspecifics tagged in prior years. The highest-ranking (best) model is italicized
Phase Model IV(s) df AICc w D* (P)
I 1 Null (intercept only) 17 74.4 0.04 21.5 (0.20)
2 Release group 16 76.3 0.02 20.9 (0.18)
3 Year 15 77.7 0.01 19.3 (0.20)
4 Location 15 68.8 0.68 10.5 (0.79)
II 5 Location, release group 14 71.5 0.18 9.8 (0.78)
6 Location, year 13 73.8 0.06 8.2 (0.83)
III 7 Location, release group, year 12 76.5 0.01 6.3 (0.90)
IV 8 Location, release group, location × release group 12 77.9 0.01 7.7 (0.81)
9 Location, release group, year, location × release group 10 86.7 0.00 4.0 (0.95)
10 Location, release group, year, location × year 8 107.3 0.00 5.3 (0.73)
11 Location, release group, year, release group × year 10 86.7 0.00 4.0 (0.95)
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Availability of supporting data
The data supporting the results of this article are stored 
in the Great Lakes Acoustic Telemetry Observation Sys-
tem (GLATOS) database (http://data.glos.us/glatos). 
Data availability is subject to data sharing policies cur-
rently under development by GLATOS, the Great Lakes 
Fishery Commission, and the Unites States Geological 
Survey.
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